In this work, a Monte Carlo model has been developed to simulate the collimated solar irradiation energy harvest in a louver of silica glass filled with water. The full solar spectrum is divided into a number of discrete bands, and the solar irradiation intensity on each band is distributed among a huge number of independent energy bundles. Band-averaged spectral properties of media (silica glass and water) are considered for each band. Through comparison of the results of different band division approaches and different energy bundle numbers, a practical band-division model is found, which is both computationally efficient and accurate. The incoming direction influence of solar irradiation on energy harvest is also investigated.
INTRODUCTION
The gigantic amount of solar energy on earth's surface is amazing:
joules per year, most of which remains unutilized while we keep depleting traditional fossil fuels [1] . The yearly installation capacity of solar photovoltaic facilities has seen a continuous significant increase worldwide in recent years [2] . The integrated spectral irradiance of ASTM E-490 corresponds to a solar constant which is out the atmosphere [3] . At present, the best reported solar cell is a multi-junction cell having a record of 44.4% efficiency [4] . According to data from EIA (Energy Information Administration), commercial buildings spend more than half total energy on lighting and heating each year [5] . Solar energy can provide lighting as well as heating, thus well-utilizing solar energy will save huge non-renewable energy consumption. At present, the majority of green facilities utilizing solar energy only perform either for heating or photovoltaic power generation, making use of only several certain bands of solar irradiation. Most often seen examples are solar water heater and solar photovoltaic system. However, they all cannot take full advantage of the whole solar spectrum energy.
Monte-Carlo simulation is a main numerical simulation method for investigating radiation heat transfer. The method was first applied to thermal radiation problems in the early 1960s [6] . Monte Carlo method is used to create simulated observations of physical processes based on statistical characteristics. It is possible to take into account many parameters and conditions which are actually encounter in radiation heat transfer. Another significant merit of Monte Carlo method is in the construction of computer programs. It is not necessary to rewrite the governing equations appropriate to each problem [7] . Simulation of radiative energy redistribution in a system is achieved by tracing a large number of energy bundles (photons) from the point of emission till the point of extinction. Recent reviews of the Monte Carlo method applied to participating media are in Farmer and Howell [8] . Scattering computations by using Monte Carlo are reviewed in Walters and Buckius [9] . For large optical thickness, because of the short penetration path lengths and resulting long simulation times, hybrids of Monte Carlo (used for spectral regions providing moderate of long mean free path lengths) with a diffusion solution were combined with discuss in Farmer and Howell [10] . Radiation in multidimensional enclosures and geometries with unusual shapes are in Kaminski [11] and Malalasekera and James [12] . Multidimensional Monte Carlo simulation of short-pulse laser transport in scattering media are discussed by Guo et al. [13] . A recent article extended Monte Carlo schemes for radiative transfer to electron and photon transfer equations by Wong and Mengüç [14] .
SIMULATION METHOD

Physical model
The physical model discussed in this study is a device consists of a series of transparent louvers that can be installed on one side of a window to change the direction of collimated sunlight in order to provide prismatic deeper lighting into the room, as well as to absorb the infrared part in solar radiation to heat water inside. The cross section of the prismatic louver is an equilateral triangle, which is assemble of three pieces of uniform silica glass, each with thickness ( ) of 0.125 inches, width (L) of 3 inches and height (H) of L. A brief illustration of the cross section is given in Fig. 1 , in which the end effect is neglected. Fig. 2 shows the flowchart for the present Monte Carlo simulation. For the value of subscript "i" in ( ), "00" is the solar radiation incident point; "0" is the starting point for MC simulation; "1-6" are the points that the photon hits interfaces S1-S6, respectively; "7" is the absorption or scattering point in glass medium; "8" is the absorption or scattering point in water medium.
Flowchart
is the rest of flight distance of glass medium;
is the rest of flight distance of water medium; is the original total flight distance in the glass medium; is the distance in MC simulation in glass medium; is the distance in MC simulation in water medium; is the original total flight distance in the water medium. , are the initial azimuthal angle and circumferential angle, respectively; , are the azimuthal angle and circumferential angle after reflection or refraction; for collimated solar irradiation, is the incident azimuthal angle; and its circumferential angle is considered as zero; , are the new azimuthal angle and the new circumferential angle after scattering; NRAY is the total number of emission photon bundles. 
Model Formulations Flight distance of incident sunlight.
The extinction distance is (1) where is random number, and is the spectral extinction coefficient which is = + (2) where is the spectral absorption coefficient and is the spectral scattering coefficient.
Surface to be hit: Assume is the distance that the photon hits interface Si.
For a line segment between starting point and hitting point, we can get the function:
There are six interfaces (S1-S6) as shown in Fig. 1 
For equation (3) , , , , and are known, we need to solve possible L through equations (4)- (9), respectively. For example, put equation (3) into equation (4): =-, and put this back to (3), we can get hit point (
). Similarly, we can get other possible hit points in other surfaces.
We need to judge which surface a ray will hit first. For example, if the ray emits from left tip of the louver, it may happen that equations (6), (7) and (9) all have possible solution with equation (3) . In order to pick up the right solution, we need to compare the distance of middle point of possible hitting interfaces to the starting point. It obeys the rule as follows:
, i= 1, 2, … , 6; j= 1, 2, …, 6
Where are the middle point coordinate positions of the six interfaces.
If > , > , , the photon will hit interface 4. Other situations have the similar ways to judge. If there is no interface to be hit, the ray of photons will be absorbed or scattered.
Simulation of reflection and refraction:
After hitting an interface, we need to consider whether the photon will reflect or transmit. The relationship between the directions of incoming and refracted rays is defined by Snell's law:
(11) Where and are refractive indices of medium on two sides of the interface, and represent the angle of incidence and angle of refraction, respectively.
If
, there exists a critical angle. When , and the incident radiation is entirely reflected back into the incoming medium. The equation for critical angle is given by: (12) where is the critical angle.
The reflectivity of incident radiation on interface is given by Fresnel equation: (13) where is the specular reflectivity; and represent the angle of incidence and angle of refraction, respectively. If , it will reflect; otherwise, it will transmit.
Between the two different surfaces, for example, if the photon emits from interface 1 and hits interface 4 from glass medium to water medium, then hits surface 5 from water medium to glass medium, the optical distance will change obeying the rule: , = (14) Where is the rest of flight distance of glass medium; is the flight distance of water medium; is the equilibrium distance of glass medium with the distance of water medium; is the flight distance that has already travelled in the glass medium at the beginning; is extinction coefficient of the first medium, and is the extinction coefficient of the second medium. Other hitting situations will have the similar solving methods as equation (14) .
For the next tracing, if the ray reflects back to the glass medium, the reflecting point ( ) is the new starting point with determined by reflection law, and is still considered as zero; utilize the rest flight distance . Repeat the same steps as shown in Fig. 2 Upper loop 1 until the photon is absorbed or scattered. If the photon transmits into the water medium, regard the point ( ) as a new starting point; get the by Snell's law, and is considered as zero; utilize the equilibrium flight distance of water medium by rest flight distance using the equation (14) and begin to run the lower loop 1.
Decide absorption or scattering. We use scattering albedo to determine whether the photons will be absorbed or scattered.
where is scattering albedo. If random number , it would be scatter, otherwise, it would be absorbed. The new scattering direction is determined by isotropic scattering, given by: ,
Where is the new azimuthal angle measured from an axis pointing in the incoming direction of the radiation, is the new circumferential angle measured in the plane normal to the incoming direction, , are random numbers.
As shown in Fig. 2 , If photon scattered in the glass medium, we regard the point ( ) as a new starting point with direction ( being determined by equation (15); start a new distance and begin the upper loop 2. If it scattered in the water medium, we regard the point ( ) as emission point, and direction ( can be gotten by equation (15); start a new flight distance and begin the upper loop 2 until it is absorbed or scattered. Other situations follow in a similar way.
The local divergence of heat flux for a single element ( ) is: ,
Where L is width of the louver as shown in Fig. 1 ; is the absorbed photon number in a single element; is area of the single element; E is the collimated solar constant.
Here, we define normalized energy harvest as: ,
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And we define the efficiency parameters as follows:
where is the total efficiency in the whole louver, the efficiency for solar energy absorbed in glass; is the efficiency in water; S is the projected area that the sunlight irradiates on.
Elements and bands division
The louver is divided into 462, 1086, 4032, 7140 and 11130 elements, respectively. An illustration of division with 462 elements is shown in Fig. 2 .
Fig. 2 A representative nodes division
Different spectrum has different properties, for example, absorption coefficient, scattering coefficient, refractivity and others. Since band-averaged properties are used, we should select band regions in a way that property profiles are relatively smooth within each band. Another factor needs to be considered during band division is that each band should contain similar amount of energy to guarantee equivalent weight. So the bandwidth varies along a full solar spectrum: in region with condensed energy, such as visible and near infrared region, the bandwidth is relatively narrower. In the present solar spectrum, a single air mass value equals to 1.5, and the solar spectrum used in this paper comes from ASTM Standard G173-03 [15] . The details about the bands division is listed in the table in the appendix. 
RESULTS AND DISCUSSION
First, we decide the suitable photons number by using and photon bundles in simulations. Figs. 3 and 4 show the normalized energy harvested along the centreline and in the whole louver, respectively. The solar is incident from the normal direction.5-band model was adopted. It is found that using photon bundles can give reasonable results. Next, we adopted photons and 5 bands to testify the elements choice. Five different element sizes are considered for comparison, i.e., 462, 1,086, 4,032, 7,140 and 11,130 elements, respectively. The solar energy absorption efficiency for a normal incidence is plotted in Fig. 5 . The normalized energy harvest along the centreline is shown in Fig. 6 . The contours of normalized energy distribution in the louver for different elements are shown in Fig. 7. From Fig. 5 , it is seen that the total absorption, glass absorption and water absorption remain nearly the same as the elements vary. From Figs. 6 and 7 , it is seen that when the elements exceed 7,140 elements, the normalized energy harvest and contours become steady. Thus, 7,140 elements are selected in the following calculations. Fig. 9 shows the normalized energy harvest for different band divisions. Fig. 10 shows the contours of the normalized energy harvest. Fig. 8 shows that the efficiency becomes nearly flat with increasing bands to 5 or over. From Fig. 9 , it is seen that the 1-band and 3-band models perform extremely high at around Z/H =0.05. And for the 5-band and more, the normalized energy harvest becomes stable. Similarly, from Fig. 10 , it is seen that the contours become steady with 5 bands and above. Therefore, we chose the 5-band model as an appropriate bands division. Fig. 11 validates the symmetry of our model. It is seen that with increasing Z/H, the sunlight travels much deeper in the louver, and the normalized energy harvest goes lower. This is because energy will attenuate with sunlight travel deep. However, at around Z/H of 0.9, the normalized energy harvest has another peak because of the strong reflection from the triangle tip. Finally we utilize 5 bands and photons to analyse the influence of solar incident angle. We adopted ， and as incoming angles to see the energy distribution inside the louver. The distribution contours are shown as Fig. 12. And Fig. 13 shows the total absorption, glass absorption and water absorption for different incident sunlight angles. It is seen that the solar energy absorption will decrease when the incident angle increases. The normal incidence case performs the best.
Fig. 7 Contours of the normalized energy harvest for different elements
CONCLUSIONS
This paper investigated collimated solar radiation inside a louver of silica glass filled with water using Monte Carlo method. The effects of band division, element division, photon numbers and incident angles are discussed in detail. Some conclusions can be drawn as follows:
1. The total energy harvest, glass energy harvest and water energy harvest efficiencies are not strongly affected by the division of elements.
2. For a water and glass system subjected to solar radiation, dividing the solar spectrum into 5 bands can achieve both high accuracy and efficiency in computations. 3. In order to absorb more solar energy, the outward surface of the louver should be normal to the incoming sunlight.
Fig. 12
Normalized energy harvest for different solar incident angles 
